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ABSTRACT 
Objectives 
We studied the risk of emergency caesarean delivery (CD) using blinded ultrasonographic 
estimated fetal weight (EFW) at 36 weeks of gestational age (wkGA): (1) to compare the 
association for customised and non-customised EFW, (2) to determine whether adding 
ultrasonic EFW improved prediction based on maternal characteristics alone, and (3) to 
determine whether women at high predicted risk of emergency CD had higher risks of 
maternal and perinatal morbidity than other women. 
Methods  
We studied 3,047 low risk women (no pre-existing medical conditions or acquired 
complications of pregnancy) from the Pregnancy Outcome Prediction study (Cambridge UK) 
who had ultrasonic EFW at ~36 weeks gestational age, where women and clinicians were 
blinded to the result.  
Results 
Blinded EFW was strongly associated with the risk of emergency CD (coefficient for a 1 
standard deviation increase in EFW = 0.39 [95% CI 0.30 to 0.48], odds ratio [OR] = 1.48 [95% 
CI 1.35 to 1.62]). The coefficient for customised EFW was similar (0.42 [95% CI 0.33 to 0.51], 
OR = 1.53 [95% CI 1.39 to 1.67]), hence, for simplicity, non-customised EFW was 
subsequently employed. Maternal characteristics (age, height, body mass index, and weight 
gain between 12 and 36 weeks) when combined in a multivariate logistic regression model 
were moderately predictive for emergency CD (AUROCC = 0.68). Adding blinded EFW to the 
model increased the AUROCC to 0.71 and this model was more predictive (P<0.0001). When 
using this model and defining screen positive as a predicted risk of emergency CD ≥40%, 189 
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(6.2%) women screened positive and the proportion delivered by caesarean was 48%. 
Compared with screen negative women, they had elevated risks (relative risk [95% CI]) of 
severe postpartum hemorrhage (2.49 [1.83 to 3.38]), any adverse neonatal outcome (1.86 
[1.22 to 2.82]), and severe adverse neonatal outcome (4.03 [1.35 to 12.03]). The risks of 
these events were also higher compared to women who had a term CD for breech 
presentation. The model was similarly predictive of the risk of emergency CD and perinatal 
morbidity when evaluated using routinely collected data from 55,337 births in Scotland 
between 2003 and 2008. 
Conclusions 
Ultrasonic EFW at 36 weeks, combined with maternal characteristics, identifies women who 
are at increased risk of subsequent emergency CD. These women were at increased risk of 
maternal and perinatal morbidity compared with women at low risk of emergency CD and 
with women having CD for breech presentation at term. 
 
KEYWORDS  
Adverse pregnancy outcomes, emergency caesarean delivery, estimated fetal weight, 
prediction model, pregnancy, ultrasound 
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INTRODUCTION 
 
The WHO Global Survey demonstrated that spontaneous vaginal birth was associated with 
lower rates of maternal and offspring morbidity and mortality compared with other types of 
birth (operative vaginal delivery, planned caesarean delivery [CD] and emergency CD).1 
However, the risks of adverse maternal and perinatal outcomes were analysed on the basis 
of the actual rather than the intended mode of delivery. A woman who attempts a normal 
birth may ultimately require emergency CD, which is associated with higher rates of adverse 
maternal and perinatal outcome than a planned CD.1 Consequently, the risk of 
complications among women attempting vaginal birth will, inevitably, be higher than the 
risk of complications among the women who are successful, and the risk will increase with 
the probability that the mother will require emergency CD.  
 
It follows that being able to identify women at high risk of emergency CD may allow 
interventions which would improve outcome. It is well recognised that the risk of 
emergency CD increases with increasing birth weight, and this suggests that ultrasonic 
estimated fetal weight (EFW) might be a useful predictor. However, multiple studies have 
demonstrated that suspected macrosomia is a risk factor for emergency CD even when the 
baby is normally grown. Moreover, it is not clear whether EFW should be "customised" for 
maternal characteristics, and there are no data on whether EFW adds information to other 
maternal characteristics which are also associated with the risk of macrosomia, such as 
obesity.2 
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We used data from 3,047 low risk women from a prospective cohort study of nulliparous 
women, who all had a blinded ultrasonic EFW at ~36 weeks. The aims of the present study 
were: (1) to quantify the association between customised and non-customised EFW and the 
risk of emergency CD, (2) to determine whether adding ultrasonic EFW improved prediction 
based on maternal characteristics alone, (3) to assess the screening performance of a 
multivariate model using both EFW and maternal characteristics, and (4) to determine 
whether women at high predicted risk of emergency CD had higher risks of maternal and 
perinatal morbidity than other women. 
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METHODS 
 
Design  
The Pregnancy Outcome Prediction (POP) study was a prospective cohort study conducted 
at the Rosie Hospital, Cambridge (UK). The study has previously been described in detail.3;4 
In brief, nulliparous women attending for their dating ultrasound scan between 14th January 
2008 and 31st July 2012 were eligible. Women with a viable singleton pregnancy were 
approached by a research midwife. Following written consent, women were given follow up 
appointments at approximately 20, 28 and 36wkGA. Ultrasound scans were performed at all 
three follow up appointments. At 28 and 36wkGA, fetal biometry was performed, and the 
results were not revealed to the women or the professionals providing care. However, 
important incidental findings were revealed, including non-cephalic presentation at 
36wkGA. The outcome of the pregnancy was obtained both by individual review of the 
paper case record by research midwives, and by record linkage to the hospital's databases. 
The study was approved by the Cambridgeshire 2 Research Ethics Committee, reference 
number 07/H0308/163. The reporting of this study conforms to the STROBE (The 
Strengthening the Reporting of Observational Studies in Epidemiology) statement. 
 
Study population 
Women who had preterm birth, non-cephalic presentation at the 36wkGA scan, pre-labour 
CD, antepartum stillbirth, pre-existing diabetes or hypertension were excluded. Women 
were also excluded if they had developed gestational hypertension, pre-eclampsia or 
gestational diabetes prior to their 36wkGA ultrasound scan. We also excluded women who 
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withdrew, were lost to follow-up, did not attend the 20 or 36wkGA scan or had no 
information on the outcome, or one or more predictor variables. 
 
Selection of predictors 
The first aim of this analysis was to determine the diagnostic effectiveness of ultrasonic 
estimation of fetal weight (EFW), combined with maternal characteristics, in the prediction 
of emergency CD in otherwise low risk women at ~36wkGA. Other characteristics which 
were potential predictors of emergency CD were selected based on previously published 
studies5-16 and their availability in the POP study at 36wkGA: maternal age, height, body 
mass index (BMI), weight gain from 12 to 36wkGA, and fetal sex. Details of the prediction 
models and validation are given in the Statistical methods and the Appendix S1. 
 
Definition of exposures 
Biometric measurements were performed as previously described.4;17-19 Importantly, 
women and clinicians were blinded to the results of biometry at the 36wkGA scan. 
Biometric measurements taken at the 20 and 36wkGA scans included head circumference 
(HC), biparietal diameter (BPD), femur length (FL) and abdominal circumference (AC). AC 
growth velocity was expressed as the change in GA adjusted z scores between 20 and 
36wkGA scans.4  EFW was calculated from the four biometric measurements obtained at the 
36wkGA scan using published formulae.20 Where the head measurements could not be 
made, the equation employing AC and FL alone was applied. The EFW was expressed as a z 
score adjusted for GA at measurement.4 Additionally, customised EFW was calculated 
(GROW v6.7.3_13 [UK], Gestation Network [www.gestation.net]) and converted into 
customised EFW z scores.21 Maternal age was defined as age at recruitment (~12wkGA). 
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Height was measured at ~20wkGA. Maternal weight was measured at ~12wkGA and 
~36wkGA, and maternal weight gain between these measurements was transformed into a 
z score, adjusted for the exact GA at the 36wkGA measurement (Appendix S1). The weight 
measurement used in the BMI calculation was made at ~12wkGA. 
 
Definition of outcomes 
Emergency CD was defined as delivery by caesarean method where the date of delivery had 
not been pre-arranged. We confined analysis of postpartum haemorrhage (PPH) to major 
blood loss (≥1000 mL). We also included acquired postnatal anaemia, which was defined as 
hemoglobin (Hb) <8 g/dL within a week after delivery where the prenatal Hb (≥1 day before 
the day of delivery) was >10 g/dL. Neonatal morbidity was defined as ≥1 of the following: (1) 
metabolic acidosis, defined as cord blood pH <7.10 and base deficit of >10mmol/L, (2) 5 
minute Apgar <7, (3) neonatal unit admission within 48 hours from birth for at least 48 
hours. Severe neonatal morbidity was defined as ≥1 of the following: (1) neonatal death, (2) 
hypoxic ischemic encephalopathy, (3) use of inotropes, (4) mechanical ventilation, (5) severe 
metabolic acidosis, defined as pH<7.00 and a base deficit of >12mmol/L.  
 
Statistical methods 
Numerical data were compared using a two-sample Wilcoxon rank-sum test, and categorical 
data were compared using a Pearson Chi-square test, Chi-square test for trend, and Fisher's 
exact test, as appropriate. Continuous predictors were transformed into z scores, with 
adjustment for GA at measurement where appropriate. Univariable and bivariable 
associations with interactions were estimated for all candidate predictors. Predictive models 
were then generated using multivariable logistic regression allowing for nonlinear 
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associations using fractional polynomials (see details in Appendix S1). Two-way interactions 
were tested using the likelihood-ratio test. The model selection was performed by backward 
elimination using a likelihood-ratio test p-value threshold of 0.05. The performance of 
models was described using the area under the receiver operating characteristic curve 
(AUROCC, i.e. the C statistic). Difference between the nested models that included/excluded 
the ultrasonic fetal biometry was tested using a likelihood-ratio test as recommended.22;23 
Optimism was assessed using 100-fold bootstrapping.24 Further validation was performed by 
dividing the dataset into model development and validation groups using study epochs 
(Appendix S1). 
External validation was performed using routinely collected data from Scotland, from a 
previously described cohort.25 We identified nulliparous women in the dataset who had a 
singleton pregnancy in a cephalic presentation and who delivered a liveborn infant by a 
means other than planned caesarean at term. The dataset included the exposures maternal 
age, height and weight. Multiple imputation using predictive mean matching26 (m=10 
imputations, k=10 nearest neighbours) was performed to estimate values of maternal 
weight gain and EFW (Appendix S1). Imputation of EFW was aided by the presence of a 
highly correlated proxy (actual birth weight). 
As previously described,6 women with an estimated ≥40% risk of emergency CD were 
defined as screen positive, and screening statistics were estimated using this threshold. 
Additionally, we sub-divided screen negative women into moderate (≥20 to <40%) and low 
(<20%) risk groups. The predictive ability of models was also analysed using the predicted 
probability of emergency CD as a continuous variable. 
We compared the risk of maternal and neonatal complications in the screen positive women 
with women who had a CD following diagnosis of breech presentation at the 36wkGA scan 
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in the POP study. This group included women who declined external cephalic version, or had 
a failed attempt and went on to have a planned CD, and those who were delivered by 
emergency CD (e.g. because of the onset of labour prior to a scheduled date for external 
cephalic version or planned caesarean). In the Scottish data, we were able to compare the 
risk of neonatal morbidity only, and this was done comparing screen positive women with 
women who had a CD (planned or emergency) for breech presentation at term. 
In the comparison of outcomes by predicted risk, relative risks (95% CI) were used. Risk 
differences and numbers needed to treat (NNT) were calculated to compare outcomes in 
screen positive women and women who had a planned CD. All statistical analyses were 
performed using Stata, version 13.1 (StataCorp LP, College Station, Texas).  
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RESULTS 
 
Main cohort selection 
Among the 4,512 recruited women, 4,011 (89%) attended for the 36wkGA scan (see Sovio et 
al,4 for flow diagram). From this group, we excluded 885 (22%) women with one or more of 
the pre-defined exclusion criteria (Appendix S1). Of the remaining 3,126 women, 79 (2.5%) 
had a missing value in one or more potential predictor variables. This resulted in a study 
group of 3,047 low risk women. The prevalence of emergency CD in this group was 18.7%. 
 
Descriptive statistics 
The distributions of all candidate predictors, except fetal sex, significantly differed between 
the women who underwent emergency CD and the women who had a vaginal delivery 
(Table 1). The women in the emergency CD group were older, shorter and heavier, and they 
gained more weight during pregnancy. The growth velocity of the fetal AC was greater, and 
their EFW was higher at 36wkGA. They were also more likely to have an induced labour, and 
give birth at a later GA. 
 
EFW and the risk of emergency CD 
There was a linear relationship between the EFW z score at 36 weeks and the risk of 
emergency CD (Table 2, Appendix S1). The increase in the log odds of emergency CD for a 1 
standard deviation increase in EFW was similarly predictive comparing non-customised EFW 
with EFW customised for maternal characteristics (coefficients = 0.39 [95% CI 0.30 to 0.48] 
versus 0.42 [95% CI 0.33 to 0.51], respectively, P=0.65), therefore, for simplicity, non-
customised EFW was subsequently used. 
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Prediction models 
We considered six other candidate predictors (maternal age, height, 1/BMI, weight gain, AC 
growth velocity and fetal sex) (Table 2, Appendix S1). The strongest associations were with 
maternal height and EFW. A predictive model excluding EFW and employing maternal age, 
height, 1/BMI and weight gain had an AUROCC of 0.68. Adding EFW to the model increased 
the AUROCC to 0.71 and this model was more predictive of emergency CD (likelihood-ratio 
test P<0.0001). All subsequent analysis used a model including EFW, maternal age, height, 
1/BMI and weight gain. All variables were entered as linear terms without interactions, as 
there was no evidence supporting non-linearity or interactions. 
 
Evaluation of model performance 
Correction for optimism using bootstrapping had a negligible influence (reduction of 0.003 
in the AUROCC) and observed risks were close to predicted risks (Appendix S1). The 
screening performance of the selected model is presented for the estimated probability cut-
off ≥40%. This cut off identified 16% of the 569 women with emergency CD as screen 
positive and the positive predictive value was 48% (Appendix S1). A risk calculator for 
emergency CD was developed (Appendix S2). For example, for a 37-year old 165 cm tall 
woman with BMI 30 kg/m2 who put on 13 kg weight and had a scan at 36wkGA + 1 day with 
an EFW of 3400 g is estimated to have a 50% risk of emergency CD.  
 
Internal and external validation of the model 
We developed a model from births between 2008 and 2010 (n=1,436), and tested the model 
in births from 2011 to 2013 (n=1,611). Women delivering 2011-2013 who had a predicted 
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risk of emergency CD ≥40% had an observed CS risk of 47%. We performed external 
validation on Scottish data of 55,537 eligible births. The prevalence of emergency CD was 
16.6% (n=9,212). The C statistic for the model was 0.71, and the observed risk of emergency 
CD in the screen positive women was 44%. Screening summary statistics, calibration plots 
and univariable associations between predictors and emergency CD are presented in the 
Appendix S1. 
 
Predicted and observed risk by gestational age and induction of labour 
The association between predicted and observed risk of emergency CD was further analysed 
in the POP study in relation to GA and induction of labour. Screen positive women had 
observed emergency CD between 39% to 61% at all gestational ages (Figure 1). Among 
women at low or intermediate risk, there was a striking increase in the risk of emergency CD 
with advancing GA. In all groups of predicted risk, the proportion of emergency CD was 
higher among women whose labour was induced. 
 
Maternal and neonatal complications by predicted risk 
Screen positive women within the POP study had a higher subsequent risk of maternal and 
neonatal complications than screen negative women (Table 3). They had 2.5-fold risk of 
postpartum haemorrhage, a 2-fold risk of any neonatal morbidity and a 4-fold risk of severe 
neonatal morbidity. Screening statistics of maternal and neonatal complications by 
predicted risk of emergency CD are presented in Table 4. Maternal and neonatal outcomes 
were then compared between screen positive women and women in the cohort who had a 
breech presentation diagnosed at the 36wkGA scan and ultimately had a CD (n=128, either 
planned, generally at 39 wkGA, or emergency, generally if labour started prior to the 
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scheduled date for planned caesarean) (Table 3). The risk of postpartum haemorrhage and 
any neonatal morbidity were lower in the breech group. There were no cases of severe 
neonatal morbidity in the breech group and the sample size was too small to detect a 
difference. In the Scottish dataset, neonatal morbidity was more frequent among the screen 
positive women both in comparison to screen negative women and women who had a 
planned caesarean for breech presentation (Table 5). 
 
Risk of morbidity in screen positive women, stratified by actual mode of delivery 
Among women delivered by emergency CD, those who were screen positive had a higher 
risk (relative risk [95% CI]) of postpartum haemorrhage (2.12 [1.49, 3.00]), and severe 
neonatal morbidity (3.55 [1.02, 12.32]), but there was no association with any neonatal 
morbidity (1.43 [0.83, 2.47]). Among women delivered vaginally, those who were screen 
positive had a similar risk of postpartum haemorrhage (1.21 [0.61, 2.39]) and neonatal 
morbidity (1.51 [0.76, 3.00]), and there were no cases of severe neonatal morbidity. 
However, there was a higher risk of metabolic acidosis (6.01 [1.72, 20.95]).   
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DISCUSSION 
 
We found that a model for predicting emergency CD using a blinded ultrasonic EFW at 
36wkGA, maternal age, height, BMI and weight gain, correctly identified women at 
increased risk of the procedure. The actual proportion of emergency CD in screen positive 
(≥40% predicted risk) women was 48%. When we corrected for optimism and performed 
internal and external validation, the model was similarly predictive. These data suggest that 
this approach robustly identifies women at high risk of emergency CD.  
 
Previous studies have shown that emergency intrapartum CD is associated with higher risks 
of adverse maternal and perinatal outcome than both vaginal birth and planned CD.1 In the 
context of vaginal breech delivery, it had previously been calculated that a decision to 
deliver all women by planned caesarean may be neutral for maternal morbidity when the 
risk of emergency CD was between 16-30%.27 We speculated, therefore, that women with a 
high predicted risk of emergency CD and a cephalic presentation may be at increased risk of 
both adverse maternal and perinatal outcome compared with other women. Consistent 
with this, we found that women with a predicted risk of emergency CD of ≥40% (screen 
positive) had a 2.5-fold risk of postpartum haemorrhage, an almost 2-fold risk of any 
neonatal morbidity, and a 4-fold risk of severe neonatal morbidity. This analysis compared 
all screen positive women, irrespective of the eventual mode of delivery. Interestingly, 
when we analysed all women who were ultimately delivered by emergency CD, those 
identified as screen positive had higher rates of complications than other women delivered 
by emergency CD. Hence, the association between screen positive for emergency CD using 
our model and maternal and perinatal morbidity was explained by: (i) women delivered by 
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emergency CD have higher rates of complications, and (ii) the model identified a sub-group 
of women experiencing emergency CD who were at particularly high risk of complications. 
We speculate that the mediator for this association is likely to be slow progress in labour 
and/or obstructed labour, as factors such as high BMI and advanced age have been 
associated with increased risks of labour dystocia.28;29 These observations also indicate that 
although the model had low sensitivity (16%), it did identify a sub-group of women who had 
an emergency CD who were at particularly high risk of associated complications. 
 
The current analysis suggests that low risk nulliparous women might be screened for their 
risk of emergency CD at 36wkGA. However, screening is only justified when an intervention 
exists which might mitigate associated risks. We performed further analyses of the dataset 
to help inform the question of candidate interventions. The WHO survey found that the risk 
of perinatal and maternal morbidity was lower among women delivered by planned CD than 
emergency CD and this, therefore, might be regarded as a possible intervention in a future 
trial. Hence, we next compared the rate of maternal and perinatal complications in screen 
positive women with women who had a breech presentation diagnosed at 36wkGA and who 
were ultimately delivered by caesarean (planned or emergency). The risk of both maternal 
and perinatal adverse outcome was lower in the women who had a breech presentation 
diagnosed at 36wkGA than among women who were screen positive at 36wkGA. The data 
suggest, but do not prove, that planning CD for 39wkGA, and performing an emergency CD 
if labour starts prior to the scheduled date for CD, may be an intervention which would 
mitigate the maternal and perinatal risks associated with a high predicted risk of emergency 
CD at 36wkGA. However, confirming this hypothesis will require a randomized controlled 
clinical trial.  
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We also considered induction of labour as a possible intervention, as meta-analyses indicate 
that routine induction of labour may slightly reduce the risk of emergency CD.30 Among 
screen positive women, the actual proportion of emergency CD was even higher among 
those who ultimately had labour induced. Moreover, the observed proportion of emergency 
CD was consistently ≥40% for all weeks of GA from 37wkGA onwards. The data suggest, but 
do not prove, that offering early term induction of labour is unlikely to mitigate the high 
predicted risk of emergency CD.  
  
The information from the model also has immediate clinical application, in addition to 
informing a future trial. Some women opt to deliver at home or in units which lack the 
facilities to perform emergency CD, such as low risk birthing units. Transfer during labour is 
known to be a high risk situation. The predicted risk of emergency CD may help inform 
decisions around the place of birth. This is of particular importance for nulliparous women 
as there is high quality evidence that planned home delivery is associated with a higher rate 
of complications in nulliparous, but not multiparous women.31  
 
One of the strengths of the present study is that we confined the analysis to data which 
were available at the time of the 36wkGA prenatal assessment. It is known that increasing 
birth weight is associated with the risk of emergency CD. However, birth weight is clearly 
only known post-delivery and cannot, therefore, be included in prenatal risk assessment and 
decision making. Ultrasonic fetal biometry is correlated with birth weight, but the average 
absolute error is ~7% even when the measurements are made within a week of delivery.32 
Moreover, the relationship between ultrasonic EFW and the risk of CD is complicated by the 
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fact that knowledge of the EFW is a determinant of the risk of emergency CD independently 
of the actual birth weight: multiple studies have shown that a high EFW is associated with 
an increased risk of CD even when the birth weight is normal.33-35 This association is 
attributed to bias on the part of the attending staff in labour. We acknowledge that we 
could not blind the assessment of maternal predictors. However, one of the strengths of our 
study is that we had blinded ultrasonic EFW. Hence, the current analysis presents the true 
association between EFW and the risk of CD, rather than the association due to biases based 
on knowledge of the EFW.  
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SUPPORTING INFORMATION ON THE INTERNET 
 
Appendix S1. Supplementary Information. Details of model selection and validation are 
given in Supplementary Methods and Supplementary Results.  
Appendix S2. Emergency caesarean section risk calculator. 
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Table 1. Characteristics of the study sample (N=3,047), stratified by mode of delivery. 
Characteristic* Spontaneous or assisted 
vaginal,  
N=2,478 
Intrapartum emergency 
caesarean, N=569 
P† 
Maternal characteristics 
Age, years 30 (26 to 33) 31 (28 to 34) <0.001 
 <20 104 (4.2) 9 (1.4)  
 
<0.001 
 20 to 24.9 358 (14) 62 (11) 
 25 to 29.9 812 (33) 157 (28) 
 30 to 34.9 904 (36) 236 (41) 
 35 to 39.9 279 (11) 91 (16) 
 ≥40 21 (0.9) 14 (2.5) 
     
Height, cm 166 (162 to 170) 163 (159 to 167) <0.001 
 <160 377 (15) 144 (25)  
<0.001  160 to 164.9 644 (26) 191 (34) 
 165 to 169.9 752 (30) 147 (26) 
 ≥170  705 (28) 87 (15) 
     
BMI, kg/m2 23 (22 to 26) 25 (23 to 28) <0.001 
 <25 1610 (65) 268 (47)  
 
<0.001 
 25 to 29.9 629 (25) 204 (36) 
 30 to 34.9 183 (7.4) 81 (14) 
 35 to 39.9 46 (1.9) 11 (1.9) 
 ≥40 10 (0.4) 5 (0.9) 
    
Maternal weight gain‡, kg 12 (10 to 14) 12 (10 to 15) <0.001 
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Birth characteristics 
Gestational age (wkGA) 40.4 (39.6 to 41.1) 41.0 (40.1 to 41.7) <0.001 
 <39 345 (14) 45 (7.9)  
<0.001  39 503 (20) 72 (13) 
 40 826 (33) 154 (27) 
 ≥41 804 (32) 298 (52) 
     
Fetal sex    
 Male 1222 (49) 299 (53) 0.16 
     
Induced labour 639 (26) 281 (49) <0.001 
     
Ultrasound measurements‡ 
AC growth, 20-36 wkGA, mm 162 (151 to 175) 169 (158 to 182) <0.001 
     
EFW at 36 weeks, g 2713 (2514 to 2960) 2838 (2591 to 3115) <0.001 
*Data are expressed as median (IQR) or n (%) as appropriate.  
†P-values are for difference between groups calculated using the two-sample Wilcoxon rank-sum (Mann-
Whitney) test for continuous variables and the Pearson Chi-square test for binary and a score test for trend of 
odds for categorical ordered variables (summary P value across the range of categories of the given variable).  
‡For maternal weight gain and ultrasound measurements, unadjusted measurements are reported in kg, mm 
or g.  
AC, abdominal circumference; BMI, body mass index; EFW, estimated fetal weight, wkGA, weeks of gestational 
age.
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Table 2. Coefficients with 95% CI from univariable and multivariable logistic regression models, n=3,047. 
 Model 
Predictor variable Univariable models Full model Selected multivariable 
model 
Selected model excluding 
US 
Age  0.28 (0.18 to 0.37) 0.32 (0.22 to 0.42) 0.32 (0.22 to 0.42) 0.34 (0.24 to 0.44) 
Height -0.42 (-0.51 to -0.32) -0.52 (-0.63 to -0.42) -0.53 (-0.63 to -0.43) -0.46 (-0.56 to -0.36) 
1/BMI -0.37 (-0.46 to -0.28) -0.30 (-0.40 to -0.20) -0.30 (-0.40 to -0.20) -0.37 (-0.47 to -0.28) 
Weight gain 0.17 (0.09 to 0.26) 0.21 (0.11 to 0.30) 0.21 (0.11 to 0.30) 0.27 (0.18 to 0.36) 
Fetal sex: female -0.13 (-0.31 to 0.05) -0.10 (-0.29 to 0.10) N/A N/A 
EFW at 36 week scan 0.39 (0.30 to 0.48) 0.35 (0.24 to 0.47) 0.39 (0.29 to 0.49) N/A 
AC growth velocity 0.29 (0.20 to 0.39) 0.06 (-0.05 to 0.18) N/A N/A 
All variables except fetal sex are expressed as z scores, adjusted for gestational age at measurement where appropriate. BMI denotes body mass index, AC denotes 
abdominal circumference, EFW denotes estimated fetal weight, US denotes ultrasonic assessment. 
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Table 3. Maternal and neonatal complications by predicted risk of intrapartum emergency caesarean delivery (CD) using 40% risk cut-off point 
and in women who had CD due to breech presentation.   
 
 
 
Screen 
positive 
 
Screen  
negative 
 
Breech Comparison: 
Screen positive versus screen 
negative 
Comparison: 
Screen positive versus breech 
Outcome n/N % n/N % n/N % RR*  95% CI P† RD‡  
 
95% CI‡ P† NNT 
Emergency CD 90/189 48 479/2858  17 -  2.84  2.40, 3.37 <0.0001 -  - - 
Assisted vaginal delivery§ 41/99  41 759/2379  32 -  1.30  1.02, 1.65 0.062 -  - - 
Postpartum hemorrhage¶ 39/189 21 237/2858  8 0/128  0 2.49  1.83, 3.38 <0.0001 20.6  14.7, 27.0 <0.0001 4.8 
Metabolic acidosis  6/189  3 23/2858  1 0/128  0 3.94 1.63, 9.57 0.0075 3.2  -0.2, 6.8 0.085 31.5 
5 minute Apgar <7 4/189  2 21/2858  1 0/128 0 2.88  1.00, 8.31 0.065 2.1  -1.1, 5.3 0.15 47.3 
Neonatal unit admission at 
term 
18/189 10 152/2858  5 5/128 4 1.79  1.12, 2.85 0.021 5.6  -0.4, 11.1 0.077 17.8 
Any neonatal morbidity¶ 22/189 12 179/2858  6 5/128 4 1.86  1.22, 2.82 0.0091 7.7  1.5, 13.5 0.023 12.9 
Severe neonatal morbidity 
at term¶ 
4/189  
 
2 15/2858  1 0/128 0 4.03  1.35, 12.03 0.027 2.1 -1.1, 5.3 0.15 47.3 
*RR for the presence of each outcome is for screen positive (≥40% predicted risk) vs. screen negative (<40% predicted risk) group. 
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†P-values are from 2-sided Fisher’s exact test. 
‡RD is expressed as a percentage. Newcombe Method 10 CIs are used for RD.  
§N is restricted to the vaginal deliveries (N=2,478). 
¶Postpartum hemorrhage is defined as Hb<8 g/dL or estimated blood loss ≥ 1000 mL. Hb <8 g/dL within a week from delivery but >10 g/dL antepartum (before the day of 
delivery). Any neonatal morbidity is defined as ≥1 of the following: (1) metabolic acidosis, defined as cord blood pH <7.1 and base deficit of >10mmol/L, (2) 5 minute Apgar 
<7, (3) neonatal unit admission within 48 hours from birth at term for at least 48 hours. Severe neonatal morbidity is defined as ≥1 of the following: (1) neonatal death, (2) 
hypoxic ischemic encephalopathy, (3) use of inotropes, (4) mechanical ventilation, (5) severe metabolic acidosis, defined as pH<7.0 and a base deficit of >12mmol/L at 
term.  
CD, caesarean delivery; RR, relative risk; RD, risk difference; CI, confidence interval; NNT, numbers needed to treat. 
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Table 4. Screening statistics of maternal and neonatal complications by predicted risk of intrapartum emergency caesarean delivery (CD) using 
40% risk cut-off point. 
Outcome Se 
(%)  
 
95% CI Sp  
(%) 
 
95% CI PPV 
(%) 
95% CI NPV 
(%) 
95% CI LR+ 95% CI LR- 95% CI 
Emergency CD 15.8  12.8, 18.8 96.0  95.2, 96.8 47.6  40.5, 54.7 83.2 81.9, 84.6 4.0  3.0, 5.2 0.88  0.85, 0.91 
Assisted vaginal delivery* 5.1  3.6, 6.7 96.5 95.7, 97.4 41.4  31.7, 51.1 68.1 66.2, 70.0 1.5 1.0, 2.2 0.98 0.96, 1.00 
Postpartum hemorrhage† 14.1  10.0, 18.2 94.6 93.7, 95.4 20.6  14.9, 26.4 91.7 90.7, 92.7 2.6 1.9, 3.6 0.91  
 
0.86, 0.95 
Metabolic acidosis  20.7 5.9, 35.4 93.9 93.1, 94.8 3.2  0.7, 5.7 99.2 98.9, 99.5 3.4 1.7, 7.1 0.84 0.70, 1.02 
5 minute Apgar <7 16.0 1.6, 30.4 93.9 93.0, 94.7 2.1  0.1, 4.2 99.3 99.0, 99.6 2.6 1.1, 6.5 0.89 0.75, 1.06 
Neonatal unit admission at 
term 
10.6  6.0, 15.2 94.1 93.2, 94.9 9.5  5.3, 13.7 94.7 93.9, 95.5 1.8 1.1, 2.8 0.95 0.90, 1.00 
Any neonatal morbidity† 10.9 6.6, 15.3 94.1 93.3, 95.0 11.6  7.1, 16.2 93.7 92.8, 94.6 1.9 1.2, 2.8 0.95 0.90, 0.99 
Severe neonatal morbidity 
at term† 
21.1 2.7, 39.4 93.9 93.0, 94.7 2.1  0.1, 4.2 99.5 99.2, 99.7 3.4 1.4, 8.3 0.84 0.67, 1.06 
*N is restricted to the vaginal deliveries (N=2,478).  
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†Postpartum hemorrhage is defined as Hb<8 g/dL or estimated blood loss ≥ 1000 mL. Hb <8 g/dL within a week from delivery but >10 g/dL antepartum (before the day of 
delivery). Any neonatal morbidity is defined as ≥1 of the following: (1) metabolic acidosis, defined as cord blood pH <7.1 and base deficit of >10mmol/L, (2) 5 minute Apgar 
<7, (3) neonatal unit admission within 48 hours from birth at term for at least 48 hours. Severe neonatal morbidity is defined as ≥1 of the following: (1) neonatal death, (2) 
hypoxic ischemic encephalopathy, (3) use of inotropes, (4) mechanical ventilation, (5) severe metabolic acidosis, defined as pH<7.0 and a base deficit of >12mmol/L at 
term.  
CD, caesarean delivery; Se, sensitivity; Sp, specificity; PPV, positive predictive value; NPV, negative predictive value; LR+, positive likelihood ratio; LR-, negative likelihood 
ratio; CI, confidence interval.
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Table 5. Maternal and neonatal complications by predicted risk of intrapartum emergency 
caesarean delivery (emergency CD) using 40% risk cut-off point and in women who had CD 
due to breech presentation in 55,512 term livebirths in Scottish validation data, 2003-2008. 
* 
 
 
 Comparison: 
Screen positive versus screen  
negative 
 Comparison: 
Screen positive versus 
breech 
Outcome  RR†  95% CI† P†  RR†  95% CI† P† 
Emergency CD  3.01 2.82, 3.21 <0.001  -  - 
5 minute Apgar <7  1.32 0.95, 1.82 0.097  5.59 2.00, 
15.63 
0.001 
Neonatal unit admission at term  1.59 1.29, 1.96 <0.001  1.95 1.22, 3.11 0.005 
Any neonatal morbidity‡  1.49 1.24, 1.79 <0.001  2.31 1.51, 3.53 <0.001 
*Predicted risk estimates are from the selected model where a simple shrinkage has been applied.  
†RR (95% CI) and p-values are obtained from a generalized linear model with a log-link.  
‡Any neonatal morbidity is defined as 5 minute Apgar <7 or neonatal unit admission at term. 
CD, caesarean delivery; RR, relative risk; CI, confidence interval.  
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Figure 1. Intrapartum emergency caesarean delivery (%) by predicted risk from the model in 
relation to A) GA at delivery and B) induction of labour in the POP study. The error bars 
represent 95% confidence intervals. EMCD denotes emergency caesarean delivery. 
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Appendix S1. Supplementary Information. 
Supplementary Methods 
Preliminary analyses of association 
Potential continuous predictors were categorised into equal sized groups and patterns of 
association between each predictor and the outcome were explored graphically to detect 
nonlinearities of association. The distributions of continuous predictors were examined and 
a transformation to improve normality was applied where necessary. Correlations between 
predictors were examined using the Spearman correlation coefficient. 
Details of the fractional polynomial (FP) models 
Association between intrapartum emergency caesarean delivery (CD) and the predictors 
was analysed using logistic regression. For continuous predictors, the odds ratios are 
expressed for one SD difference in the predictor. Linearity of the association between each 
continuous predictor and the outcome was formally tested using univariable fractional 
polynomial (FP) models. Fractional powers were chosen from the set (-2, -1, -0.5, 0, 0.5, 1, 2, 
3) and models up to degree-2 were considered. Two-way interactions between all pairs of 
predictors were tested and the linearity of association between any identified interaction 
and intrapartum emergency CD was tested using FP models. The final model was chosen by 
fitting multivariable FP models. P-value threshold of 0.05 was applied for variable selection 
by backward elimination.  
Comparison between logistic regression and Poisson regression 
The multivariable model was first fitted using logistic regression. For comparison, the 
selected multivariable model was fitted using Poisson regression with a robust variance 
estimator. Model fit was assessed using Akaike’s information criterion (AIC) and Bayesian 
information criterion (BIC).  
Model validation 
We give details of model validation in this section, which are additional to the description of 
model validation in the method section of the main manuscript. A temporal validation study 
was performed within the Pregnancy Outcome Prediction (POP) study cohort using two 
study epochs. A model including ultrasound measurements was first built in the group of 
women who delivered in 2008-2010 and the coefficients from this model were applied to 
the group of women who delivered in 2011-2013. Model discrimination and calibration 
were assessed in both groups.    
Calibration of the selected model in the POP study was assessed using tables and calibration 
plots of observed and predicted values in the study population by the decile of the linear 
predictor. Additionally, calibration was performed stratified by clinical scans, i.e. by whether 
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the woman had at least one clinically indicated ultrasound scan in addition to the research 
scans at ≥28 weeks of gestation and/or her 28 week or 36 week research scan results were 
revealed, resulting in a referral to a clinical scan. Model calibration was formally assessed 
using Hosmer-Lemeshow goodness-of-fit tests. 
The POP study data and the external Scottish validation data were combined into a single 
dataset for the imputation model development. Weight gain and estimated fetal weight 
were imputed using predictive mean matching (m=10 imputations, k=10 donors). The 
imputation model included all the five predictors, the outcome, and additionally the 
population-based birth weight z score and fetal sex in order to improve the prediction of 
EFW and maternal weight gain. The rank correlation between EFW and birth weight z scores 
was 0.63 in the POP study and the correlation was similar in the imputed validation dataset 
(0.67). The birth weight z score varied more in the validation data (SD=0.93) than in the POP 
study (SD=0.84). Also, the correlation between maternal weight gain and birth weight z 
score was also preserved in the imputation; the rank correlation coefficient was 0.21 in the 
POP study and 0.20 in the validation data.   
Regression coefficients were multiplied by a shrinkage factor calculated in the POP study 
using a heuristic formula [s = (model LR – df)/model LR] before calculating the predictions in 
the imputed external validation data. Model discrimination and calibration were then 
evaluated in the external validation dataset. External validation was supplemented by the 
comparison of neonatal complications between women who were screen positive (≥40% 
predicted risk) of intrapartum emergency CD and all other women. Neonatal morbidity was 
defined as 5 minute Apgar <7 or neonatal unit admission at term for at least 48 hours in the 
validation data. Additionally, the relative risk of neonatal complications in the women who 
were screen positive compared to the women who had a planned CD due to breech 
presentation was estimated in the validation data. The information on planned CD was only 
available at the time of birth in the validation data. Generalized linear models with a log-link 
were fitted to calculate and combine relative risks in the imputed external validation data 
using Rubin’s rules. 
To further evaluate the external validity of the model when applied to diverse populations, 
we assessed its predictive ability in the POP study women who were excluded due to pre-
existing condition but who otherwise fulfilled the eligibility criteria. We also examined the 
observed risks of maternal and neonatal complications in categories of predicted risk using 
cut-offs 10%, 20%, 30% and 40%. 
Supplementary Results 
The selection of the study group is outlined in Figure S1. Among the 4,512 recruited women, 
4,011 (89%) attended for the 36wkGA scan. From this group, we excluded 188 (4.7%) with a 
non-cephalic presentation at the 36wkGA scan, 6 (0.1%) who failed to attend the 20wkGA 
scan, 133 (3.3%) who were lost to follow-up or did not have data on the mode of delivery,  
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354 (8.8%) who had a pre-labour caesarean (82 [2.0%] of these were emergency and 272 
[6.8%] were elective), 7 (0.2%) who had an antepartum stillbirth, 202 (5.0%) who had pre-
existing diabetes or hypertension, and 230 (5.7%) with gestational hypertension, pre-
eclampsia or gestational diabetes diagnosed before their 36wkGA scan. A total of 885 (22%) 
of these women had one or more of the exclusion criteria and additionally 79 (2.5% of the 
remaining 3,126 women) had a missing value in one or more potential predictor variables. 
The final study population consisted of 3,047 low risk women (76% of those scanned at 
36wkGA) who had a research ultrasound scan at 36wkGA, had complete data and who were 
delivered by a means other than planned CD at term. Out of the 3,047 women included in 
the study population, 603 (19.8%) had missing HC and/or BPD measurement, and their EFW 
was solely based on the measurements of AC and FL. The prevalence of emergency CD in 
this group was 18.7% (n=569).  For comparison, among all recruited women who were not 
lost to follow-up and had information on the outcome available (n=4,192), the prevalence of 
emergency CD was 17.3% (n=726).  
Among the 569 women who were not excluded from the study and had emergency CD, the 
indications for CD were fetal distress (n=253, 44%), failure to progress (n=273, 48%), both 
fetal distress and failure to progress (n=9, 0.3%), other (n=33, 5.8%; for example 
malpresentation, failed forceps, suboptimal cardiotocography, and maternal pyrexia with 
fetal tachycardia). In one case (0.2%) the indication for CD was unknown. 
Equations for mean and standard deviation (SD) estimated within the POP study by 
gestational age interval have been previously given for AC and EFW (Sovio et al, Lancet 
2015). Maternal weight did not vary by gestational age at 12 week scan but it varied at 36 
week scan, performed between 34 and 38 completed weeks: mean = -9.886 + 0.6107*GA, 
SD = -9.387 + 0.3702*GA. GA-specific z scores were calculated as (observed value – fitted 
mean) / fitted SD. For all other continuous predictors, a simple z score (observed value – 
sample mean) / sample SD was calculated. To improve normality of the distribution, an 
inverse transformation was applied to BMI at 12 week scan before converting it to a z score. 
For the calculation of simple z scores, the means (SDs) in the POP study women were: age 
29.68 (4.973) years, height 165.4 (6.317) cm, 1/BMI 0.04163 (0.006422) m2/kg. 
Correlations between continuous predictors were weak or moderate. The highest 
correlation coefficient of 0.48 was observed between AC growth velocity and EFW. This level 
of correlation is unlikely to cause problems of colinearity. The correlation coefficient 
between maternal height and 1/BMI was only 0.07, i.e. the correlation between height and 
BMI was -0.07. This is explained by the fact that BMI represents weight adjusted for height 
(BMI = weight[kg] / height[m]2). Similarly to our study, in most populations height and BMI 
have a weak negative correlation, which means that taller people are slightly slimmer than 
average. For comparison, the correlation between maternal weight and height was 0.38, but 
maternal weight was not included among the candidate predictors.  
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Univariable associations of all candidate predictors (maternal age, height, 1/BMI, weight 
gain, AC growth velocity, EFW and fetal sex) were estimated, followed by the estimation of 
bivariable associations and pairwise interactions. There were approximately 20 events 
(=569/28) per candidate predictor (7 predictors + 21 pairwise interactions).  
Univariable analysis using fractional polynomials suggested a linear association for all 
predictors. For EFW there was a suggestion towards a quadratic association (degree-1, 
fractional power 2) but the quadratic model was not statistically significantly better than the 
linear model (p=0.062). Adjustment for all other predictors in the model improved the 
linearity of EFW (quadratic vs. linear model p=0.10). No pairwise interactions were observed 
between any of the linear predictors (p>0.05). 
The initial multivariable model included all seven candidate predictors. Maternal age, 
height, 1/BMI, weight gain and EFW were selected into the multivariable model as linear 
terms since there was no evidence for nonlinearity of associations (p>0.05). Fetal sex was 
not predictive of emergency CD in any of the models and AC growth velocity was no longer a 
statistically significant predictor when it was adjusted for other predictors. 
Comparison between logistic regression and Poisson regression 
The model fit of the selected multivariable model was better with logistic regression than 
Poisson regression: logistic regression resulted in AIC of 2680 and BIC of 2716, whereas 
Poisson regression resulted in AIC of 2854 and BIC of 2890. Hence, results from logistic 
regression are reported.  
Model calibration and validation  
The data set was divided into 10 deciles of estimated probabilities from the selected model: 
Hosmer-Lemeshow goodness-of-fit tests did not show evidence of poor fit of either model 
in the whole population or stratified by clinical scans (p>0.4 for all tests). A calibration plot 
in the whole population is presented in Figure S2. Calibration plots are also given stratified 
by clinical scans (Figure S3). The observed risks were close to predicted risks in all these 
analyses. The AUROCC was 0.70 (95% CI: 0.67-0.73) in women who did not have clinical 
scans at ≥28 weeks and 0.72 (95% CI: 0.68-0.76) in women who had clinical scans at ≥28 
weeks and/or a revealed research scan result.  
At first, the models were validated internally: correction for optimism had a negligible effect 
on the AUROCC decreasing it from 0.7057 (Figure S4) to 0.7027. Secondly, temporal 
validation was performed. The same variables were included in the model selection as 
previously for the final model. Calibration plots for the model which was developed in the 
group of women who delivered in 2008-2010 and was validated in the group of women who 
delivered in 2011-2013 showed reasonably good fit in both groups (Figure S5). 
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The selected multivariable model (Table 1) was fitted in the POP study and the estimated 
odds of intrapartum emergency CD was exp(-1.665 + 0.3174*age - 0.5299*height - 
0.2999*(1/BMI) + 0.2077*weightgain + 0.3881*EFW). The output of logistic regression 
models was expressed in the main manuscript as coefficients rather than odds ratios, as 
odds ratios cannot be easily interpreted for common outcomes, such as caesarean delivery. 
However, we have provided the odds ratios in Table S1.  
Regression coefficients were multiplied by a shrinkage factor s=0.9812 in the Scottish 
validation data. The selected model discriminated equally well in the validation data as in 
the POP study: C statistic was 0.71 (Figure S6, Table S2). The observed risks of intrapartum 
emergency CD in the screen positive women were 44% in the imputed validation data and 
48% in the POP study (Table S2). Model calibration was very good in low risk women in the 
validation data, but there was a gradual downward deviation of observed probabilities of 
intrapartum emergency CD from the predicted probabilities towards higher predicted risks 
(Figure S7).  
The actual proportions of emergency CD were plotted against predictor variables in the POP 
study and in the Scottish validation data, divided in quintiles calculated in the POP study 
(Figure S8). The trends were similar in both cohorts for the three predictors observed in 
both data sets. The imputed EFW had a similar trend and the imputed weight gain had a 
slightly weaker trend with emergency CD in the Scottish data than in the POP study cohort. 
In addition, the association between EFW and the observed probability of emergency CD 
was described using Kernel-weighted local polynomial smoothing and Lowess smoothing in 
the POP study (Figure S9). The plot illustrates the statistically non-significant suggestion 
towards a quadratic association which was identified also in the univariable fractional 
polynomial analysis. 
Predictive ability of the model in excluded women 
The aim of the study was to determine whether we could predict the risk of emergency CD 
in low risk women, hence, we had excluded a total of 308 women who had pre-existing 
diabetes or hypertension, or gestational hypertension, pre-eclampsia or gestational 
diabetes diagnosed before their 36 week research visit, but who otherwise fulfilled the 
eligibility criteria. We subsequently assessed its predictive ability in these high risk women 
who were excluded. Coefficients from the POP study model were multiplied by the 
shrinkage factor of 0.9812. A total of 42 (14%) these women had a ≥40% risk of emergency 
CD and their actual rate of emergency CD was 62%. The rate of emergency CD in the 266 
women with a <40% predicted risk was 22%. 
Maternal and neonatal complications in categories of predicted risk 
The risk of assisted vaginal delivery was highest in women who had at least 30% predicted 
risk of emergency CD (Table S3). Also, the risk of postpartum hemorrhage was already 
elevated (14%) when the risk of emergency CD was 30 to <40%, and it increased from to 
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21% in women who had ≥40% risk of emergency CD. The risk of any neonatal morbidity 
increased 1%-unit by category (from 5% to 8%) when the predicted risk of emergency CD 
was <40% and it increased to 12% in the group with ≥40% predicted risk. A clear elevation in 
the risk of metabolic acidosis and severe neonatal morbidity at term was also observed at 
the point when the risk of emergency CD increased to ≥40%. 
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Table S1. Odds Ratios (OR) with 95% CI from univariable and multivariable models, n=3,047. 
 Model 
Predictor variable Univariable models Full model Selected 
multivariable 
model 
Selected model 
excluding US 
Age  1.32 (1.20 to 1.45) 1.37 (1.24 to 1.52) 1.37 (1.24 to 1.52) 1.40 (1.27 to 1.55) 
Height 0.66 (0.60 to 0.72) 0.59 (0.53 to 0.66) 0.59 (0.53 to 0.65) 0.63 (0.57 to 0.70) 
1/BMI 0.69 (0.63 to 0.76) 0.74 (0.67 to 0.82) 0.74 (0.67 to 0.82) 0.69 (0.62 to 0.76) 
Weight gain 1.19 (1.09 to 1.30) 1.23 (1.12 to 1.35) 1.23 (1.12 to 1.35) 1.31 (1.20 to 1.44) 
Fetal sex: female 0.88 (0.73 to 1.05) 0.91 (0.75 to 1.10) N/A N/A 
EFW at 36 week scan 1.48 (1.35 to 1.62) 1.42 (1.27 to 1.60) 1.47 (1.34 to 1.63) N/A 
AC growth velocity 1.34 (1.22 to 1.47) 1.07 (0.95 to 1.20) N/A N/A 
All variables except fetal sex are expressed as z scores, adjusted for gestational age at measurement where appropriate. BMI denotes body 
mass index, AC denotes abdominal circumference, EFW denotes estimated fetal weight, US denotes ultrasonic assessment.
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Table S2. Diagnostic effectiveness of the selected model using predicted risk cut-off 40% in 
the POP study and the Scottish data.  
 
   
Diagnostic effectiveness 
measure 
 POP study Scottish data 
Sensitivity (%)  16 18 
Specificity (%)  96 95 
Positive predictive value (%)  48 44 
Negative predictive value (%)  83 85 
False positive rate (%)  4.0 4.5 
False negative rate (%)  84 82 
Positive likelihood ratio  4.0 4.0 
Negative likelihood ratio   0.88 0.86 
Area under the ROC curve*  0.71 0.71 
*Calculated using the continuous linear predictor for intrapartum emergency caesarean 
delivery. The model includes maternal age, height, 1/BMI, maternal weight gain and 
estimated fetal weight. The model was developed in the POP study and validated in the 
Scottish data. Maternal weight gain and estimated fetal weight were imputed in the 
validation data. Coefficients from the model developed in the POP study have been 
multiplied by the shrinkage factor of 0.9812 in the calculation of predicted risks in the 
Scottish data. 
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Table S3. Maternal and neonatal complications by category of predicted risk of intrapartum 
emergency caesarean delivery (CD) in the POP study (n=3,047).  
  
Predicted risk of 
emergency CD 
 
 
 <10%  
 
10 to 
<20%  
20 to 
<30% 
30 to 
<40%  
≥40%  
 
Outcome  n/N n/N n/N n/N n/N 
Emergency CD  52/782 
(7%) 
184/1151 
(16%) 
136/630 
(22%) 
107/295 
(36%) 
90/189  
(48%) 
Assisted vaginal 
delivery* 
 195/730  
(27%) 
301/967  
(31%) 
167/494  
(34%) 
96/188  
(51%) 
41/99  
(41%) 
Postpartum 
hemorrhage 
 50/782  
(6%) 
88/1151 
(8%) 
59/630 
(9%) 
40/295 
(14%) 
39/189  
(21%) 
Metabolic 
acidosis  
 5/782  
(0.6%) 
10/1151 
(0.9%) 
4/630 
(0.6%) 
4/295 
(1%) 
6/189  
(3%) 
5 minute Apgar 
<7 
 5/782  
(0.6%) 
6/1151 
(0.5%) 
6/630 
(1%) 
4/295 
(1%) 
4/189  
(2%) 
Neonatal unit 
admission at 
term 
 37/782  
(5%) 
55/1151 
(5%) 
42/630 
(7%) 
18/295 
(6%) 
18/189  
(10%) 
Any neonatal 
morbidity 
 42/782  
(5%) 
65/1151 
(6%) 
47/630 
(7%) 
25/295 
(8%) 
22/189  
(12%) 
Severe neonatal 
morbidity at term 
 5/782  
(0.6%) 
7/1151 
(0.6%) 
3/630 
(0.5%) 
0/295 
(0.0%) 
4/189  
(2%) 
*N is restricted to the vaginal deliveries (N=2,478).  
CD denotes caesarean delivery. Postpartum hemorrhage is defined as Hb<8 g/dL or 
estimated blood loss ≥ 1000 mL. Hb <8 g/dL within a week from delivery but >10 g/dL 
antepartum (before the day of delivery). Any neonatal morbidity is defined as ≥1 of the 
following: (1) metabolic acidosis, defined as cord blood pH <7.1 and base deficit of 
>10mmol/L, (2) 5 minute Apgar <7, (3) neonatal unit admission within 48 hours from birth at 
term for at least 48 hours. Severe neonatal morbidity is defined as ≥1 of the following: (1) 
neonatal death, (2) hypoxic ischemic encephalopathy, (3) use of inotropes, (4) mechanical 
ventilation, (5) severe metabolic acidosis, defined as pH<7.0 and a base deficit of 
>12mmol/L at term.  
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Supplementary Figure Legends 
Figure S1. Flow chart of the study cohort. 
Figure S2. Calibration plot for the final model (n=3,047) in the POP study. 
Figure S3. Calibration plots for the final model stratified by clinically indicated scans in the 
POP study. A. No clinically indicated scans at ≥28 weeks and blinded research scans at 28 
and 36 weeks (n=2,041). B. At least one clinically indicated scan at ≥28weeks or research 
scan result revealed at 28 or 36 weeks (n=1,006). 
Figure S4. Receiver operating characteristic curve for the selected model in the POP study. 
Area under the ROC curve (95% confidence interval) is 0.706 (0.682-0.729). Predicted risks 
of 10%, 20%, 30% and 40% are displayed on the ROC curve. 
Figure S5. Temporal validation of the final model within the POP study. A. Calibration plot 
in the model development dataset from 2008-2010 (n=1,436). B. Calibration plot in the 
temporal model validation dataset from 2011-2013 (n=1,611). 
Figure S6. Receiver operating characteristic curve for the selected model with a simple 
shrinkage in the imputed external validation dataset. Area under the ROC curve (95% 
confidence interval) is 0.709 (0.697-0.721). Predicted risks of 10%, 20%, 30% and 40% are 
displayed on the ROC curve. 
 
Figure S7. Calibration plot for the selected model with a simple shrinkage in the external 
validation dataset.  
Figure S8. Univariable associations between predictors and emergency CD in both the POP 
study and Scottish data. Data are plotted for the 5 quintiles of the given measurement, with 
the median value within the quintile for the variable on the X axis and the proportion of 
women delivered by emergency caesarean on the Y axis. The overall proportion of 
emergency CD was 18.7% in the POP study and 16.6% in the Scottish data. Weight gain and 
estimated fetal weight were imputed using predictive mean matching (m=10 imputations, 
k=10 donors). EMCD denotes emergency caesarean delivery, POPs denotes Pregnancy 
Outcome Prediction study, SMR 02 denotes Scottish Morbidity Record 02, BMI denotes 
body mass index, EFW denotes estimated fetal weight, CI denotes confidence interval.  
Figure S9. Univariable association between EFW and emergency CD in the POP study using 
Kernel-weighted local polynomial smoothing (dashed line) and Lowess smoothing (solid 
line). EMCD denotes emergency caesarean delivery and EFW denotes estimated fetal 
weight. 
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Figure S3 B. 
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Figure S5 A. 
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Figure S5 B. 
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Figure S8. 
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